Purpose: The aim of this study was to evaluate via Fourier-domain anterior-segment optical coherence tomography 3-dimensional corneal, epithelial, and graft thickness changes after Descemet stripping automated endothelial keratoplasty (DSAEK).
S
ince its introduction in 2002, 1 Descemet stripping automated endothelial keratoplasty (DSAEK) is considered the treatment of choice 2 for endothelial dysfunction. 3, 4 In penetrating (full thickness) keratoplasty, all corneal layers are replaced; however, in endothelial disorders, such as bullous keratopathy (BK), 5 the compromised clarity of the edematous cornea can be restored 6 by replacing only the endothelium and Descemet membrane with a healthy donor endothelium attached to the graft Descemet membrane and a thin layer of posterior stroma. 7, 8 Because DSAEK thus involves the posterior cornea in a closed-chamber procedure, it is considered safer, provides faster visual recovery, 9 it usually requires few sutures and causes less astigmatic change, 10 overcoming some of the limitations of penetrating keratoplasty, such as prolonged visual rehabilitation, unpredictable cylindrical refractive changes (high postoperative astigmatism), susceptibility to ocular surface complications (wound dehiscence), and vulnerability to traumatic wound rupture. 11, 12 BK, 13 a pathological condition often derived from stage-2 Fuchs endothelial dysfunction, in which epithelial microcysts (vesicles) coalesce and form bullae, 14, 15 represents one of the most frequent indications for DSAEK, in addition to endothelial trauma during a previous intraocular surgery. 16 In BK, the epithelium is highly irregular, as the bullae rupture (risking infectious keratitis), whereas areas of intense epithelial edema are also present.
Since the first report of corneal optical coherence tomography (OCT) imaging in 1994, 17 continuous improvements have led to the increased applicability of anteriorsegment OCT (AS-OCT) in corneal evaluation, 18 including cases with Fuchs dystrophy. 19 OCT systems using Fourier-domain OCT 20, 21 offering a higher speed and increased resolution have recently enabled in vivo epithelial layer 3-dimensional thickness mapping. [22] [23] [24] Complementing epithelial layer thickness measurement, corneal thickness pachymetry is also considered a very important clinical investigative tool for corneal edema 25 in cases such as BK. [26] [27] [28] [29] [30] [31] To the best of our knowledge, there is no peerreviewed published study that evaluates the combination of corneal and epithelial layer thickness changes after DSAEK.
This study aims to investigate longitudinal postoperative corneal deturgescence, epithelial changes, and graft thickness evolution in cases of DSAEK implemented for BK treatment. This study evaluates longitudinally quantitative and qualitative changes up to 6 months postoperatively in such cases, using a clinical spectral-domain AS-OCT system.
MATERIALS AND METHODS
This prospective, consecutive, longitudinal case series study received approval from the Ethics Committee of our Institution, adherent to the tenets of the Declaration of Helsinki. Informed written consent was obtained from each subject at the time of the first clinical visit or before the operation.
Inclusion-Exclusion Criteria
The study group A (n = 16 eyes) consisted of patients diagnosed with BK, confirmed by a complete ophthalmologic evaluation. In all these cases, DSAEK surgery was performed by the same surgeon (A.J.K.), over the preceding 2 years in our institution. The control group B consisted of 32 eyes of a healthy, age-and gender-matched population, otherwise selected randomly from the pool of patients presented in our Institution for routine screening.
DSAEK Surgery
All the procedures were performed under monitored anesthesia with a peribulbar block. 32 Grafts were prepared with a Moria artificial chamber (Moria Surgical, Antony, France), the Moria LSK turbine-driven microkeratome with a 350-mm head and a disposable single-use Moria blade. A 4-mm clear-cornea incision was used to enter the recipient anterior chamber, which was supported by an anterior chamber maintainer to prevent collapse during surgery. The Descemet membrane was stripped from the central 8-mm area. The peripheral edge of the rolled endothelial graft was grasped from a Busin inserter (Moria) in the corneal tunnel and pulled into the anterior chamber with a coaxial microforceps. When the donor tissue entered the host anterior chamber, it was properly unrolled with the initiation of BSS infusion from the anterior chamber maintainer. A small air bubble was injected to lift the donor tissue anteriorly and attach it to the posterior host stromal surface. After centering the graft, the anterior chamber was completely filled with air. After approximately 10 minutes, the air bubble was reduced to about 80% of the size of the endothelial graft.
Imaging Instrumentation
The Fourier-domain AS-OCT system RTVue-100 (Optovue Inc, Fremont, CA), running on analysis and report software version A6 (9,0,27) was used in the study. Data output included total corneal and epithelial thickness maps corresponding to a 6-mm diameter area. In all cases, to avoid potential artifacts (eg, caused by possible drop instillation), OCT imaging preceded the ocular clinical examination during each visit. All OCT imaging was conducted by the same trained investigator. The settings were L-Cam lens, 8 meridional B-scans per acquisition, consisting of 1024 A-scans each with a 5-mm axial resolution, acquired in ,0.5 seconds. The 8 radial meridional scans were used by the system software to produce, by interpolation, the 3-dimensional thickness maps. Images with quality as determined by the signal strength index parameter, a measure of the average signal strength across the scan, of .30 have been considered for the study.
Data Collection and Analysis
The preoperative imaging was performed the day preceding the operation, and the postoperative measurements were conducted on the first day after the operation, the first week and the first, third, and sixth months. Two consecutive individual acquisitions were obtained at each visit to ensure data validity.
The main analysis report produced by the AS-OCT system displayed total corneal (reported as pachymetry) and epithelial 3-dimensional thickness maps covering the 6-mm central diameter area. As shown in the series of images presented in Figure 1 , each pachymetry map is divided into 17 sectors. Specifically, these are a 2-mm-diameter pupil center disk of a 12.56-mm 2 area, 8 octants within the annulus between the 2-and 5-mm zones, each of an area of 8.24 mm 2 , and 8 octants within the annulus of 5-to 6-mm zones, each of a 4.32-mm 2 area. For each one of these sectors, the average thickness is displayed numerically in integer form with a minimum difference of 1 mm, over the corresponding area.
In this study, the reported central corneal thickness (CCT) was provided by the integer indication over the center disk, and minimum corneal thickness (MinCT) was provided by the data output in tabular form. Donor lenticule central graft thickness (CGT), defined in this study as axial length from the host-graft interface to posterior endothelium, was investigated in high-resolution meridional scans (Fig. 2 ) using the built-in caliper tool.
The "epithelium center" thickness was provided by the integer indication over the center disk. The mean epithelial thickness was calculated by the average of all segments, and peripheral epithelial thickness was computed by the average of the epithelial thickness corresponding to 18 equispaced points along the 5-mm radius (data harvested by mouseover indication over the epithelial thickness map). The epithelial topographic thickness variability was calculated from the SD over the entire imaged area of all local epithelial thickness points.
Descriptive statistics, linear regression analysis to seek possible correlations, paired analysis t tests, and analysis of variance were performed by Minitab version 16.2.3 (MiniTab Ltd, Coventry, United Kingdom) and Origin Lab version 9 (OriginLab Corp, Northampton, MA). Paired t test analysis P values ,0.05 were considered an indication of statistically significant results.
RESULTS
The average 6 SD subject age in study group A (5 men and 11 women) at the time of the operation was 49.9 6 15.3 (38-75) years of age. Of the 16 different eyes, 5 were right, and 11 were left. The preoperative best-spectacle distance corrected visual acuity (CDVA) for all cases enrolled in group A was 0. 36 
Corneal Thickness Changes
Regarding study group A, preoperatively, the average 6 SD CCT for all the eyes was 582.32 6 45.24 (550-615) mm. One day postoperatively, the CCT was 785.81 6 80.75 (688-943) mm; the statistically significant (P , 0.001) thickness difference of +205.42 6 57.77 (+114 to +348) mm was in correlation with the respective lenticule CGT, as measured on the same day of 258.10 6 68.78 (165-330) mm (P = 0.181).
One week postoperatively, the CCT was 736.26 6 34.25 (713-771) mm; the average difference between the FIGURE 1. Total corneal (top) and epithelial thickness (bottom) 3-dimensional pachymetry maps. Depicted are the oculus dexter eye (left in the image), 3 months after the DSAEK for BK, and the fellow oculus sinister eye (right in the image) of the same patient. The symbol * indicates the thickness minimum (in both corneal and epithelial maps) and the symbol + maximum (epithelial map only).
1-week postoperative minus the respective preoperative CCT, on a one-per-one basis of +153.95 6 37.78 (+127 to +185) mm was statistically significant (P , 0.001); the CGT was 210.42 6 34.52 (145-243) mm (P = 0.173). Four weeks (1 month) postoperatively, the CCT was 643.53 6 33.83 (567-691) mm; the average difference between the 4-week postoperative minus the respective preoperative CCT on a one-per-one basis of +61.21 6 42.77 (273 to +135) mm was statistically significant (P = 0.032); Results similar to those of the 3-month visit were recorded at the 6-month visit on all the parameters measured, namely, CCT, MinCT, and CGT. A similar trend was observed for the MinCT. Descriptive statistics for CCT, MinCT, and CGT for the study group A are given in Table 1 and illustrated in Figure 3 . Regarding reference group B, CCT and MinCT results are given in Table 2 .
Epithelial Thickness Results
Preoperative and postoperative descriptive statistics for epithelial layer thickness center, minimum, maximum, topographic variability, and mean and peripheral epithelial thickness are presented for group A in Table 3 . Postoperative minus preoperative epithelial thickness differences for the center, mean, minimum, and maximum are illustrated in Figure 4 . Regarding the control group B, descriptive statistics for center, minimum, maximum, topographic thickness variability, mean and midperipheral epithelium thickness results are given in Table 4 .
For group A, preoperatively, the center epithelial thickness was on average 55.74 6 9.29 (45-74) mm, minimum epithelial thickness was 32.53 6 14.30 (13-53) mm, maximum epithelial thickness was 76.00 6 11.32 (64-105) mm, and topographic thickness variability was 10.84 6 4.09 (5.90-18.80) mm.
One day postoperatively, the center epithelial thickness was on average 58.58 6 3.37 (51-60) mm, minimum epithelial thickness was 38.37 6 6.98 (23-44) mm, maximum epithelial thickness was 76.10 6 10.93 (55-84) mm, and topographic thickness variability was 10.65 6 3.93 (2.70-14.70) mm. The average difference in the epithelial thickness, computed on a one-to-one basis as the 1-day postoperative minus the respective preoperative of +2.84, +5.89, and +0.10 mm for center, minimum, and maximum, respectively, were all statistically significant (paired analysis P = 0.032, ,0.001, and 0.045, respectively).
One week postoperatively, the center epithelial thickness was 55.37 6 4.98 (49-60) mm, the minimum was 42.79 6 3.69 (41-45) mm, the maximum was 77.11 6 13.16 (55-90) mm, and the topographic thickness variability was 9.02 6 3.22 (2.60-11.50) mm. The average difference in the epithelial thickness of 20.37, +12.21, and +1.11 mm for center, minimum, and maximum, respectively, had P values 0.075, ,0.001, and 0.054, respectively.
Four weeks after the operation, the center epithelial thickness was 47.21 6 5.45 (43-56) mm, the minimum was 35.11 6 4.70 (30-41) mm, the maximum was 58.11 6 6.51 (49-65) mm, and the topographic thickness variability was 4.77 6 1.48 (2.90-6.50) mm. The average difference in the epithelial thickness, in comparison with the preoperative value, was 28.53, +4.53, and 217.89 mm for center, minimum, and maximum, respectively. These differences were statistically significant (paired analysis P , 0.001, ,0.001, and ,0.001, respectively).
Three months after the operation, the center epithelial thickness was 46.72 6 5.23 (43-55) mm, the minimum was 35.48 6 4.63 (31-42) mm, the maximum was 50.87 6 5.86 (49-63) mm, and topographic thickness variability was 3.77 6 1.46 (2.75-5.47) mm. The average difference in the epithelial thickness, in comparison with the preoperative value was 29.02, +2.95, and 25.13 mm for center, mean and periphery, respectively. These differences were all statistically significant (paired analysis P , 0.001, P , 0.001, and P , 0.001, respectively).
DISCUSSION
To evaluate the efficacy of the DSAEK in reducing stromal edema and epithelial layer irregularity, we examined near-term longitudinal development of corneal thickness, in the form of CCT and MinCT. The CCT is typically used in corneal edema and endothelial function monitoring, 33 ocular hypertension management, 34 and planning of refractive and cataract surgery. Near-term stromal deturgescence and epithelial layer remodeling and recovery of homogenous thickness and stromal attachment after DSAEK is related to the postoperative rehabilitation of the affected eye, particularly in BK cases. In addition, the epithelial thickness, which can be an indicator of the healing process and restoration of adequate endothelial function, has been monitored up to 6 months postoperatively. In this work, we monitored mean, minimum and maximum epithelial thickness and, in addition, the topographic epithelial thickness variability.
35
We have recently reported AS-OCT epithelial thickness quantitative and qualitative evaluation in the normal eye, 22 keratoconic eye, 36 and in the dry eye population. 37 In addition, our team has investigated near-term epithelial layer thickness postoperative evolution after myopic laser in situ keratomileusis 38 and cataract surgery. 39 In our practice, we routinely screen all presurgery patients for corneal structure and thickness, 35 and, additionally, for epithelial layer thickness. These examinations are also included in our postoperative evaluation protocols.
Our study indicated that both CCT and MinCT, and the epithelial layer thickness (central, mean, maximum, and minimum) were presented with a statistically significant increase the day after the DSAEK intervention, maintaining these levels at the 1-week postoperative visit. The corneal increase was consistent with the extra thickness because of the graft insertion; the difference in the CCT increase was correlated to the measured CGT.
At the 1-and 3-month postoperative visits, however, the reduced CCT and MinCT (2142.28 and 2127.53 mm at the 1 month and 2144.42 and 2128.10 mm at the 3 months, respectively) indicated corneal deturgescence, particularly if we consider that the lenticule CGT was practically consistent (210.42 6 34.52 mm at the first week, 175.84 6 31.27 mm at 1 month, and 171. 23 6 27 .54 mm at the 3 months).
The recovery of the epithelial layer thickness was even more impressive, if we consider the drastic reduction of the topographic thickness variability (Stdev), which was 10.84 6 4.09 mm preoperatively: 1 month postoperatively StDev was 4.77 6 1.48 mm and 3 months postoperatively, it was 3.77 6 1.46 mm (Table 3) . These levels compare with the reference group B variability of 1.95 6 1.25 mm (Table 4) . Also, the large range of maximum and minimum epithelial thicknesses has been dramatically improved: preoperatively maximum and minimum epithelial thicknesses were 76.00 6 11.32 mm and 32.53 6 14.30 mm; 1 month the respective values were 58.11 6 6.51 mm and 35.11 6 4.70 mm, and 3 month postoperatively, the values were 50.87 6 5.86 mm and 35.48 6 4.63 mm, respectively.
In this study, we investigated corneal and epithelial layer thickness longitudinal changes in 16 consecutive eyes operated with DSAEK for BK with a clinically available AS-OCT system, using raw data obtained from the system report and analysis software, and as such, it presents a novel longitudinal benchmark study. This information can be helpful to readers and investigators interested in studies pertaining to corneal and epithelial layer thickness after DSAEK and other keratoplasty interventions.
The potential applications of this technology may offer multiple benefits in post-DSAEK corneal imaging. Specifically, the changes in overall host and donor corneal thickness alert the clinician for possible rejection episodes and/or graft failure. This technology can monitor the donor (graft) lenticule thickness changes currently, manually, via an on-screen caliper tool, but potentially in the future automated, DSAEK graft 3-dimensional imaging, serving a similar crucial assessment, may be developed. Lastly, 3-dimensional epithelial imaging seems to follow a standard pattern in the postoperative period. If further studies establish this finding, the epithelial pattern in DSAEK-operated eyes can become another clinical marker of graft survival and efficacy. Very early 3-dimensional assessment by the AS-OCT of the graft-host interface may provide adjunct data to slit-lamp biomicroscopy on graft adherence and efficacy.
Further and longer-term studies, particularly pertaining to the .6-month changes in the corneal and epithelium thickness profile after DSAEK, larger imaging zone extending beyond the 6-mm diameter area imaged in this study, may further validate the findings and establish the long-term patterns of corneal and epithelial reshaping after DSAEK surgery.
CONCLUSIONS
Early postoperative investigation of the corneal and epithelial thickness longitudinal changes after DSAEK for BK, by in vivo, clinically applicable Fourier-domain AS-OCT producing 3-dimensional thickness maps. A standard pattern of epithelial thickness recovery and normalization, and corneal deturgescence mainly by the first month postoperatively, has been observed. The clinical relevance of these data is that this noninvasive corneal diagnostic device can aid the clinician to confirm early DSAEK graft adherence to the host cornea and successful reversal of host and graft stromal swelling, as well as host epithelial remodeling toward normality.
